Recent results have provided new insights into the complexity of sound frequency representation in the auditory midbrain and may identify a neural substrate for behaviourally determined frequency resolution.
One of the major goals in sensory neurobiology is to explain psychophysical phenomena in terms of the physiological responses of neurons in the brain. Recordings from alert monkeys have shown that behavioural decisions related to the perception of visual motion can be made on the basis of the action potentials generated by individual neurons [1] . But behaviourally significant information is also contained in the spatially distributed activity of populations of neurons with related, but not identical, functional properties. For example, neurons in the primary visual cortex exhibit a wide range of response sensitivities -to stimulus orientation, colour, movement or disparity -that are organized into intricately interwoven modules within a map of visual space. Neurobiologists are therefore faced with the task of both identifying which areas of the brain are responsible for a particular function and the manner in which information is encoded. In the auditory system, physiologists are increasingly adopting some of the complex stimuli that have been used in human psychophysical experiments, as a means of investigating the underlying mechanisms of auditory perception. Despite some recent advances, however, identifying the neural substrate for even the most basic aspects of hearing often remains controversial.
Frequency selectivity in the auditory system
Frequency selectivity is one of the most fundamental properties of the auditory system, essential for all aspects of hearing, including the perception of speech and music, our sense of pitch, and our ability to resolve or separate out the different components within a complex sound [2] . In psychophysical experiments, frequency selectivity is usually measured using the technique of 'masking'. A tone can be rendered inaudible or masked by the addition of noise or other tones. Noise typically contains acoustic energy over a range of frequencies but, nearly sixty years ago, it was established that only noise energy at frequencies close to that of the test tone contribute to the masking [3] . This led to the idea that the auditory system contains a series of overlapping 'bandpass filters' or 'critical bands', analogous to the spatial frequency filters that have been described in the visual system [4] . In other words, the auditory system can filter out, or 'pass', certain stimuli while rejecting others on the basis of their frequency, in much the same way that a radio receiver can be tuned to a particular signal. Different sounds falling within the critical bandwidth, which has a value of about 10-20% of the centre frequency, are not easily distinguished and tend to sum or interact in various ways. More recent experiments have revealed the shape of the auditory filter, which is illustrated in Figure 1 . These filters set the limit on the frequency-resolving power of the ear, and the perceived sound will vary according to whether the different frequency components of a complex sound are restricted to one critical band or are distributed across several bands.
Is there a neural correlate for critical bands?
Frequency selectivity has its origin in the cochlea of the inner ear. The biomechanical properties of the basilar membrane, which subdivides the cochlea longitudinally, vary systematically so that each audible frequency component within a complex sound excites a different point along its length. As a result of the spatial order in the Schematic illustration of one technique for measuring a psychophysical auditory filter. The threshold for detecting a tone of constant frequency and amplitude (red line) is measured in the presence of masking noise (orange regions). If a gap or 'notch', centred on the same frequency, is introduced in the noise, the tone is more easily detected -that is, its threshold goes down. The threshold improves as a function of the width of the spectral notch (arrow) in the manner shown by the blue curve. The noise is effective in masking the tone signal only if it passes through the auditory filter, the amount of masking being determined by the degree of overlap. Noise Noise Notch afferent connections, neurons in the subcortical nuclei and cortical fields of the primary auditory pathway exhibit sharp tuning and form cochleotopic maps of sound frequency. The divergence in the ascending pathways produces an expansion in the central representation of sound frequency. Thus, instead of the point representation that is found in the cochlea, many neurons in each of the central auditory nuclei are tuned to the same frequency, forming regions that are usually referred to as isofrequency laminae.
It seems certain that these isofrequency regions do not represent redundant processing and, in recent years, several research groups have examined what other sound parameters are encoded by neurons within these sheets of cells with apparently uniform frequency selectivity. This has led to the discovery in the auditory midbrain or cortex of spatial variation within isofrequency regions in binaural response properties, sharpness of frequency tuning, sensitivity to modulated sounds, and various properties related to the neural coding of sound level [5] . This variation generates spatially distributed representations of the corresponding sound properties. In some cases, topographically organized maps have been described [6] [7] [8] , whereas the representations of other features within the isofrequency laminae appear to be more discontinuous [5] .
Critical bands undoubtedly derive from the frequency analysis performed by the cochlea. Indeed, comparisons of behavioural and neural filters have suggested that cochlear frequency resolution determines psychophysical frequency selectivity [9] . However, other authors have argued that several properties of critical bands -for example, the apparent insensitivity of the critical bandwidth to changes in sound level -appear not to be present in the response characteristics of cochlear nerve fibres, but are found in those of neurons in the inferior colliculus in the midbrain [10] . This led to the notion that, in common with other emergent properties, critical band filtering appears to require processing within the brain.
The neurophysiological basis for the representation of critical bands has been addressed in a recent re-examination of the frequency organization of the central nucleus of the inferior colliculus in the cat [11] . Anatomically, this nucleus is characterized by a series of distinct laminae formed by the dendritic fields of inferior colliculus neurons together with incoming axons that converge from a number of auditory brainstem nuclei [12] . The cochleotopic frequency axis lies approximately orthogonal to the principal axis of these laminae, which may therefore provide an anatomical substrate for the isofrequency regions. There are, however, only 10-12 fibrodendritic laminae in the central nucleus of the inferior colliculus, implying that each corresponds to a band of different sound frequencies rather than a single isofrequency region.
By measuring the frequency tuning of groups of neurons in fine steps along a series of electrode penetrations through the cat inferior colliculus, Schreiner and Langner [11] have shown that the preferred frequencies vary continuously over a narrow range within the plane of the laminae, but vary in a series of discrete steps between them (Figure 2 ). This contradicts the commonly held view that sound frequency is mapped smoothly and continuously along the dorso-ventral axis of the inferior colliculus, and highlights the importance of sampling the nucleus at sufficiently small intervals. They calculated that the magnitude of each frequency step is about one quarter of an octave. Behaviourally determined critical bandwidths in the cat tend to be somewhat larger than this, although they do vary with frequency in a similar way to the electrophysiological data. Schreiner and Langner [11] therefore concluded that the frequency organization of the auditory midbrain may play an important role in the generation of psychophysical auditory filters.
The inferior colliculus receives converging ascending inputs from the cochlear nuclei and from the various nuclei of the superior olivary complex and lateral R26 Current Biology, Vol 8 No 1
Figure 2
Frequency band laminae within the cat inferior colliculus. Each band contains a continuous representation of a narrow range of sound frequencies. Electrode penetrations made orthogonal to these bands reveal a topographic but discontinuous change in sound frequency.
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Current Biology lemniscus. It is therefore perhaps not surprising that further processing takes place at this level to refine the single representation of sound frequency. Drawing parallels between the tuning of inferior colliculus neurons and critical bandwidths is not straightforward, however. As with other central auditory nuclei, neurons in the inferior colliculus actually exhibit a heterogeneous mixture of frequency tuning curves that vary in their complexity and bandwidth. Recently, it has been shown that the sensitivity and frequency tuning of these neurons can change when one ear is stimulated more strongly than the other [13] . Moreover, psychophysical studies in humans have found that the width of the auditory filters can vary according to the masking procedure used to measure them [2] .
There are also other reasons to question whether critical bands arise from the frequency organization of the inferior colliculus. On the basis of the best frequencies of the neurons they recorded, Schreiner and Langner [11] reported that this nucleus contains 30-45 frequency-band laminae, each covering a range of non-overlapping frequencies. Psychophysical experiments show that criticalband filters do overlap, however, and can potentially be measured for any signal frequency within the listener's hearing range. The assumption that behaviourally determined critical bandwidths do not change with sound level also no longer appears to be tenable [14] , while other studies [9, 15] suggest that the bandwidths of cochlear nerve fibres may resemble critical bandwidths more closely than is claimed by Schreiner and Langner [11] .
Nevertheless, the possibility that behavioural measures of frequency selectivity reflect the additional contribution of processing, such as lateral inhibition, within the brain, as well as the tuning of the basilar membrane, is supported by the finding that psychophysical tuning curves in human listeners become sharper over time [16] . It would be extremely interesting to compare the magnitude of the frequency-band laminae with critical bandwidths in species other than the cat. Other phenomena related to critical bands, such as comodulation masking release [2] , in which listeners apparently combine information from several auditory filters to improve signal detection, should also be examined physiologically, to see whether they have any basis in the responses of inferior colliculus neurons.
Compared to other sensory systems, the central auditory pathway contains a particularly large number of subcortical nuclei, which relay signals from the cochlea to the cortex. Although the binaural convergence that takes place in the superior olivary complex has an important role in beginning the neural extraction of acoustical cues that are used to localize sound, the functional significance of other areas has been harder to establish. Ideally, one would like to be able to examine the behavioural consequences of altering the frequency representation in the inferior colliculus in a clearly defined way. Psychophysical tuning curves do become broader in the hearing-impaired, but this can be explained in terms of the degradation in frequency tuning at the level of the cochlea.
Attempts to microlesion or reversibly inactivate neurons in the inferior colliculus might prove to be useful, although such procedures are notoriously difficult to perform in structures hidden deep in the centre of the brain. If processing within the inferior colliculus does provide the basis for critical bands, we are left with the question of whether similar frequency representations are also found at higher levels of the auditory system. Even if the auditory midbrain does play a unique role in setting the bandwidth of the auditory filters, descending connections from the thalamus and cortex are likely to contribute to the activity of those neurons in ways that may be perceptually relevant [17] .
